Controlled reduction of silver alkylcarbamate complexes with hydrogen gas was investigated as a facile synthetic method for high concentrations of silver nanocolloids in organic solvent. Polyvinylpyrrolidone (PVP) was used to stabilize the silver colloids obtained from the chemical reduction. To determine optimum conditions for preparation of the stable and controlled silver colloids with the narrowest particle size and distribution, a large number of experiments were carried out involving variations in the concentrations of the silver 2-ethylhexylcarbamate (Ag-EHCB) complex, PVP, and 2-propanol. The initial colloid had a mean particle diameter between 5∼50 nm, as measured by transmission electron microscopy, and exhibited a sharp absorption band in the UV region with a maximum size near 420 nm. After treatment with a reducing agent, the colloids were characterized by ultraviolet-visible spectroscopy, X-ray diffraction, and high-resolution transmission electron microscopy.
Introduction
A variety of methods can be employed for the formation of silver nanoparticles, including electrolysis, 1 biochemical, 2 gas condensation, 3 laser ablation of a silver metal plate, 4 laser irradiation of an aqueous silver solution, 5 sol-gel techniques, 6 sonochemical deposition, 7 nanostructured templates, 8 and thermal decomposition. 9 Generally, silver nanoparticles are synthesized by the reduction of silver salts in the presence of organic stabilizers in a manner similar to the acclaimed Brust's method for the synthesis of gold nanoparticles. 10 The reduction of Ag(I) salt to metallic Ag(0) is carried out by strong reductants such as sodium borohydride, 11, 12 sodium citrate, 11, 13 hydrogen gas, 14 ascorbic acid, 15, 16 DMSO, 17 hydrazine dihydrochloride, 18, 19 potassium bitartate, 20 ethanol, pyridine, DMF, 21 and poly (ethylene glycol). 22 However, these reactions have exhibited difficulties in application towards large-scale synthesis in organic solvents owing to their highly diluted and exothermic conditions. Several silver salt precursors have been employed in the synthesis of silver nanoparticles. Silver nitrate (AgNO3) 11, 18, 23, 24 is the most common source of silver ions, although Ag2SO4, 11 silver 2-ethylhexonate, 17 silver oxide, 15 and silver perchlorate 25 have also been used. Generally, the actual size of the nanoparticles obtained varies from system to system, not only because the stabilizer, the reducing agent, and the nature of the metal are varied, but also due to parametrical differences in solvent, concentration, temperature, and reduction time. Silver organic salts have been used to produce silver nanoparticles and conductive silver tracks. In these processes, silver carboxylate [26] [27] [28] [29] [30] or silver alkylcarbamate complexes [31] [32] [33] [34] [35] [36] are reduced to silver metal by heating and reduction with hydrazine. However, no other reports have described the formation of silver nanocolloid via the one-pot reduction of silver alkylcarbamate complex in organic solution using hydrogen gas as the reducing agent. This method offers the advantages of being able to produce the essentially clean silver particles, which contains no inorganic ions except amine and carbon dioxide, even at room temperature.
The present work examines the preparation of silver nanoparticles through a simple hydrogen reduction process using a silver 2-ethylhexylcarbamate (Ag-EHCB) complex in 2-propanol. The reduction of Ag-EHCB under a hydrogen atmosphere was systematically carried out in order to investigate the effects upon size and morphological characteristics of the silver particles. The experimental conditions, including amount of solvent, concentration of Ag-EHCB and stabilizer for preparation of the silver nanoparticles, and reduction mechanism, were also inferred. ple. The UV-Vis spectra were obtained using the Shimadzu, UV-1601PC spectrometer over a 200 to 800 nm range with 1 nm resolution and background correction using 2-propanol. The XRD patterns of the Ag nanoparticle were measured using a Shimadzu XD-D1 X-ray diffractometer with CuKα radiation (λ = 1.54056 Å) at a scanning rate of 2 degrees per second in 2 θ ranging from 30 o to 90 o . The XRD sample was supported on glass substrates.
Preparation of silver nanocolloid solution. The vessel used for particle synthesis was a 500 mL, stainless steel pressure reactor equipped with a gas regulator and gas inlet and outlet system. The PVP (1.0 g) and silver 2-ethylhexylcarbamate complex (0.10 g) were first dissolved in anhydrous 2-propanol (20.0 g) in the pressure reactor (500 mL). After the reactor was degassed with a vacuum pump, hydrogen gas was pressurized up to 4.5 atm at 25 o C. The solution was then stirred for 2 h to give the silver nanocolloid solution. Other silver nanocolloid solutions with varying PVP content, solvent, and silver carbamate complexes were prepared by similar procedures as described above.
Results and Discussion
Preparation of silver colloidal solution. Silver nanoparticles can be synthesized by the reduction of a silver 2-ethylhexylcarbamate (Ag-EHCB) complex in an organic solvent under a pressurized hydrogen gas atmosphere. Simple charge of the gas over the stirred Ag-EHCB complex solution in 2-propanol at room temperature resulted in formation of a silver colloidal suspension at high concentration. When a solution of the silver carbamate complex reacted with hydrogen, the precursor solution gave the silver metal, carbon dioxide, and a corresponding primary amine as shown in Scheme 1. Because hydrogen and silver alkylcarbamate are the only components used in the reduction, no other inorganic chemical, except an organic amine and carbon dioxide, is present in the final colloidal solution.
This procedure was very efficient and provided the required experimental control for the synthesis of well-defined nanoparticles. Because hydrogen and silver alkylcarbamate were the only components used in the reduction, no other inorganic chemicals were present in the final colloidal solution.
For the dispersion of the produced silver nanoparticles in solution, PVP was employed as the stabilizer. The silver alkylcarbamate complex, in 2-propanol and in the presence of the PVP stabilizer, did not change the color of the solution at the experimental temperature. This result suggested that PVP itself does not reduce the silver alkylcarbamate complex. When hydrogen gas was introduced into the Ag-EHCB complex solution, the solution color changed to a deep brown. At this time, the precursor was rapidly reduced to produce the silver nanoparticles.
To determine the optimum conditions for preparation of stable silver colloids with the narrowest particle size distribution, a large number of experiments were carried out, varying the concentration of Ag-EHCB complex, PVP, and 2-propanol in the reaction mixture, Table 1 .
Effect of the concentration of Ag-EHCB. Figure 1 shows a group of UV-Vis absorption spectra for the colloidal solution obtained from 4.6365 × 10 -3 to 2.3283 × 10 -2 mol/L of Ag-EHCB complex at the same hydrogen pressure. The complete reduction of the silver colloids could be monitored by UV-Vis spectroscopy, specifically by the appearance of the absorption bands of the 300 400 500 600 700
Wavelength (nm) silver surface plasmon near 420 nm. Because the concentration of Ag-EHCB reached at least 2.3178 × 10 -3 mol/L, the maximum UV absorption spectra of the resulting plasmon peak of the silver nanoparticles did not shift below 420 nm. Apparent changes in absorbance were detected during the two hours under the hydrogen atmosphere at room temperature. Room temperature synthesis of silver nanoparticles was monitored by recording the changes in the UV-Vis spectra over time for different concentrations of the Ag-EHCB complex. At lower Ag-EHCB concentrations, the absorption band was narrowed and shifted continuously to shorter wavelengths as shown in Figure 1(a) and 1(b) . In the case of relatively high concentrations of Ag-EHCB (1.8543 × 10 -2 and 2.3175 × 10 -2 mol/L), a very broad and asymmetric absorbance band was observed, Figure 1 (d) and 1(e). Upon increasing the concentration of the Ag-EHCB complex, the band showed a red shift in the maximum of the plasmon peak. These features were associated with the size and distribution of the synthesized silver nanoparticles.
The TEM images of the nanoparticles obtained from six different suspensions are shown in Figure 2 . The smallest size (5∼20 nm) shown in Figure 2(a) is from the suspension obtained at a lower Ag-EHCB concentration, 2.3178 × 10 -3 and 4.6365 × 10 -3 mol/L, while the largest (10∼80 nm) corresponds to higher concentrations obtained from those in experiment No. 3-6 ([Ag-EHCB] = 9.2713 × 10 -3 ∼2.3183 × 10 -2 mol/L). At higher concentrations of Ag-EHCB, the particles were especially multi-dispersing with concomitant aggregation of the particles. At Ag-EHCB concentrations greater than 9.2713 × 10 -3 mol/L, agglomerated particles of various sizes and shapes formed en masse, as shown in Fig 2(c)-2(e) . In comparison, smaller particles accompanied the agglomerations from Exp No. 3-6, and larger particles without agglomeration for Exp. No. 1 and 2. Most nanoparticles were well-dispersed and sphere-shaped, coinciding with the abovementioned speculation of the UV-Vis absorption spectra.
As a result, a wide distribution of particle sizes have been a distinguishing feature of silver colloids prepared by reduction of silver alkyl carbamate complexes with hydrogen. A variety of shapes from spheres to cubes, and from triangles to hexagons, with lengths of 5∼50 nm and even 80 nm, have been observed in such colloids. These facts are probably due to the inhomogeneity between the Ag-EHCB solution and hydrogen gas in the reaction mixture. Effect of amount of 2-propanol solvent. An excess of solvent was added to ensure metal atom solvation. Stability turned out to be strongly related with solvent concentration, as with 2-propanol. The more diluted the colloid in 2-propanol, the higher the expected stability. When the amount of 2-propanol was altered, the peak shape and position of the UV absorption spectrum also changed gradually, as shown in Figure 3 . Figure 4 shows TEM micrographs of relatively monodispersed silver particles obtained under different experimental conditions. The final particle size depended on the amount of 2-propanol in the reaction mixture. At higher solvent contents, the primary particles experienced a sufficiently large solvation, which, in combination with the effects of the protected PVP polymer layer, may potentially prevent significant aggregation. Dark brown colloidal silver dispersions were obtained, exhibiting average diameters near 10 or 20 nm. The differences in size are attributed mainly to the varying levels of 2-propanol. In the presence of excess 2-propanol, the growth of stabilized particles ended at a critical size of 5∼10 nm, while the poorly stabilized develop to form larger particles (10∼30 nm) and further agglomerate, Figure 4(a) and 4(b) . At lower 2-propanol concentrations, the insufficiency of solvation leads to the vigorous agglomeration and irreversible flocculation observed in Figure 4 (a) .
Effect of the concentration of PVP. Figure 5 shows the UVVis spectra of silver colloidal solutions under different concentrations of PVP. It can be seen that with an increase in PVP concentration, the full width at the half maximum absorption band due to the silver nanoparticles decreased from 107 to 85 nm, indicating that the particle size distribution became narrower and the colloid system changed from polydispersion to monodispersion upon increase in the concentration of PVP. Note that the strongest intensity and narrowest particle size distribution can be obtained at a minimum concentration of 9.0 × 10 -3 mol/L PVP, a very low [PVP]/[Ag] value of 0.9410 due to the existence of regenerated 2-ethylhexylamine during reduction with hydrogen.
When the amount of the stabilizer was insufficient, it could not form a complete protection layer, thus the particles agglomerated easily to form large silver particles. Upon addition of more dispersers, it quickly formed a better-suited layer, protecting the particles from agglomeration and growth, as shown in Exp. No. 10 ([PVP] = 4.5 × 10 -3 mol/L). Moreover, upon increasing the ratio of [PVP/Ag-EHCB] from 1.9410 to 9.7087, the band grew more symmetrical and a blue shift in the maximum of plasmon peak appeared. These features were associated with the small and uniform size distribution of the synthesized silver nanoparticles.
For nanoparticles prepared in the presence of a stabilizer, TEM was used for the measurement of nanoparticle size and shape. A typical TEM image for the solution containing a PVP concentration of 2.7 × 10 -2 and 3.6 × 10 -2 mol/L PVP is shown in Figure 6 .
Well-stabilized particles with a critical size near 5∼10 nm formed predominantly under the protection of PVP. Even at higher Ag-EHCB concentrations, the strength of the stabilization was such that less agglomeration occurred and a lower standard deviation was obtained, Figure 6 . As for a PVP concentration of 4.5 × 10 -2 mol/L, well-stabilized and small particles of 4∼5 nm without agglomeration, resulted. Sufficiently high Ag-EHCB concentrations (15-fold), however, cannot effectively protect the Ag particles so that multidistribution appeared and agglomeration occurred, Figure 7 (a)-(c). The average particle size increased with increasing Ag-EHCB concentration, coinciding with the interference from the plasmon absorption spectra.
Stability of silver nanoparticles. To monitor the stability of the final produced silver colloid, the change in time for the absorption spectra of the colloid on different days was measured. There was no obvious change in the shape, position, or asymmetry of the absorption peak during the initial 30 days. The reduction by Wavelength (nm) hydrogen resulted in very stable samples without precipitation occurring after 30 days or months. When the colloidal solution from Exp. No. 2 was heated at 80 o C for 24 h, the full width of highest maxima (fwhm) of the spectrum grew wider than before, and the peak maximum and shape showed a red shift with asymmetry, implying the onset of nanoparticle aggregation.
Characterization. The nanoparticles synthesized by hydrogen reduction were characterized with XRD. The XRD pattern of the silver nanoparticles with a diameter 5∼50 nm obtained from a 2-propanol solution suspension at a concentration of 2.183 × 10 -2 mol/L is shown in Figure 9 . The pattern exhibits peaks at 2 θ angles of 38.16, 44.48, 64.44, 77.40, and 81.72 that correspond to the (111), (200), (220), (311), and (222) crystal planes of silver, respectively.
Conclusion
In conclusion, colloidal silver particles in the nanosize range were prepared in 2-propanol by the reduction of silver 2-ethylhexylcarbamate complex with hydrogen. The main mechanism is the hydrogen reduction of the silver carbamate complex to the neutral state of silver by hydrogen. Furthermore, we can point out that the use of a silver alkylcarbamate complex solution on silver/PVP dispersions can be employed to obtain silver dispersions in organic solvents such as 2-propanol, a method unique from others described in the literature. As such, a facile method for the preparation of silver nanocolloid dispersions containing no inorganic ions was developed using a silver carbamate complex.
